Membrane-associated guanylate kinase (MAGI)-1/BAIassociated protein (BAP) 1 and Synapse-associated protein (SAP) 97/human Discs-large tumor suppressor gene (hDLG) are ubiquitous isoforms of synaptic scaolding molecule (S-SCAM) and Postsynaptic density (PSD)-95/SAP90, both of which are implicated in the structures of synapses, respectively. SAP97/hDLG is localized at epithelial junctions and may function as a scaolding protein, but the subcellular localization or the function of MAGI-1/BAP1 has not been clari®ed. In intestinal epithelial cells, MAGI-1/BAP1 was localized at tight junctions, whereas SAP97/hDLG was localized diusely at cell ± cell junctions. In Madine Darby canine kidney (MDCK) cells, MAGI-1/BAP1 was colocalized with ZO-1, whereas SAP97/hDLG was colocalized with E-cadherin. In MDCK cells, dominant active and negative mutants of Rac1 small G protein changed the amounts of SAP97/hDLG at cell ± cell junctions, but not that of MAGI-1/BAP1. When MDCK cells were switched to a low Ca 2+ medium, E-cadherin disappeared from the plasma membrane, and cells were dissociated. The phorbol 12-myristate 13-acetate-treatment after the low Ca 2+ switch induced a tight junction-like structure. MAGI-1/BAP1 was recruited with ZO-1 to this structure, but SAP97/hDLG or E-cadherin was not. These ®ndings suggest that MAGI-1/BAP1 is a component of tight junctions of epithelial cells, and that its role is dierent from that of SAP97/hDLG.
Introduction
Epithelial junctions are submembranous domains implicated in the regulations of cell proliferation and dierentiation, and their components include several oncogenes such as adenomatous polyposis coli (APC) gene product, b-catenin, and E-cadherin (reviewed in Barth et al., 1997) . Analysis of the structures of epithelial junctions may shed light on oncogenesis. Recent studies have revealed that proteins with multiple PSD-95/Dlg-A/ZO-1 (PDZ) domains play key roles as scaolding proteins in synapses (reviewed in Pawson and Scott, 1997; Craven and Bredt, 1998; Hata et al., 1998) . Epithelial junctions also have multiple PDZ domain-containing proteins, which may function as scaolding proteins.
SAP97/hDLG has been identi®ed as a ubiquitous isoform of synaptic protein, PSD-95/SAP90, and a homolog of Drosophila discs ± large tumor suppressor gene product (Cho et al., 1992; Kistner et al., 1993; Muller et al., 1995; Lue et al., 1994) . SAP97/hDLG is recruited to epithelial junctions in an E-cadherindependent manner and interacts with APC (Reuver and Garner, 1998; Matsumine et al., 1996) . SAP97/ hDLG may play roles in the organization of epithelial junctions, because PSD-95/SAP90 functions as a scaolding protein in synapses (reviewed in Gomperts, 1996; Sheng, 1996; Craven and Bredt, 1998) . A protein called MAGI-1/BAP1 has six PDZ domains. MAGI-1 has been identi®ed as a protein interacting with Ki-Ras small G protein, and three alternative splicing isoforms have been reported (Dobrosotskaya et al., 1997) . BAP1 has been identi®ed as a brain angiogenesis inhibitor (BAI)-1-interacting protein (Shiratsuchi et al., 1998) . MAGI-1 and BAP1 are rat and human counterparts of the same protein, respectively.
We have found a novel multiple PSD-95/Dlg-A/ZO-1 (PDZ) domain-containing protein in synapses, and named it synaptic scaolding molecule (S-SCAM) (Hirao et al., 1998) . S-SCAM has about 50% homology to MAGI-1/BAP1, and is considered to be a neuronal isoform of MAGI-1/BAP1. S-SCAM has several similarities to PSD-95/SAP90. First, they have similar chimerical molecular structures. S-SCAM is composed of six PDZ, two WW, and one guanylate kinase (GK) domains, whereas PSD-95/SAP90 has three PDZ, one src-homology (SH) 3, and one GK domains. The WW and SH3 domains are functionally similar and both bind to the proline-rich sequence (Sudol, 1998) . Second, both the molecules interact with N-methyl-D-aspartate receptors and a cell adhesion molecule, neuroligin, via the PDZ domains (Kornau et al., 1995; Irie et al., 1997; Hirao et al., 1998) , and SAP90/PSD-95-associated protein (SAPAP) (also called guanylate kinase-associated protein (GKAP) and hDLG-associated protein (DAP)) via the GK domain (Kim et al., 1997; Takeuchi et al., 1997; Satoh et al., 1997; Hirao et al., 1998) . We have recently identi®ed a novel protein, membrane-associated guanylate kinaseinteracting protein (MAGUIN)-1, which also binds to both of PSD-95/SAP90 and S-SCAM . Thereby, S-SCAM may assemble components of synapses and play a role similar to that of PSD-95/ SAP90 in the organization of synapses.
These similarities among S-SCAM and PSD-95/ SAP90 raise a question whether MAGI-1/BAP1 functions like SAP97/hDLG as a component of epithelial junctions. However, the subcellular localization of MAGI-1/BAP1 in epithelial cells has not been examined and its function is currently unclear. In this study, we have characterized the subcellular localization of MAGI-1/BAP1 in the epithelial junctions. Furthermore, we have investigated into the behaviours of MAGI-1/BAP1 and SAP97/hDLG in the formation and disruption of epithelial junctions and compared them.
Results
Dierent localization of MAGI-1/BAP1 and SAP97/ hDLG at cell ± cell junctions in MDCK cells
We raised a polyclonal antibody against the WW domain of S-SCAM using rabbits and anity-puri®ed it. The anity-puri®ed antibody speci®cally recognized BAP1 (Figure 1 ). Using this antibody, we determined the localization of MAGI-1/BAP1 in MDCK cells in comparison with those of ZO-1 and E-cadherin. In the xy section of MDCK cells, MAGI-1/BAP1 was localized at cell ± cell junctions (Figure 2Aa1 , Ba1). In the xz section, it was localized at the apical portion like ZO-1 (Figure 2Aa2, b2 ). E-Cadherin was present at cell ± cell junctions, but was more widely distributed from the apical portion to the basal portion along the lateral membrane ( Figure 2Bb ). Next, we examined the localization of SAP97/hDLG. The localization of SAP97/hDLG was rather similar to that of E-cadherin than to that of ZO-1 (Figure 2Ca,b, Da,b) . In the xy section, SAP97/hDLG was localized at cell ± cell contacts and distributed from the apical portion to the basal portion in the xz section.
Eect of Rac1 mutants on the localization of MAGI-1/ BAP1 in MDCK cells
SAP97/hDLG is reported to be recruited by E-cadherin to cell ± cell junctions and to be present in an Ecadherin/catenin complex (Reuver and Garner, 1998) . This report is consistent with the colocalization of SAP97/hDLG with E-cadherin in MDCK cells and b1, b2 E-cadherin. (C) SAP97/hDLG and ZO-1. a1, a2 SAP97/hDLG; and b1, b2 ZO-1. (D) SAP97/hDLG and E-cadherin. a1, a2 SAP97/hDLG; and b1, b2 E-cadherin. a1 and b1 are xy sections, and a2 and b2 are xz sections. Scale bars, 10 mm described above. In contrast, MAGI-1/BAP1 was localized dierently from E-cadherin. We previously showed that the amount of E-cadherin at cell ± cell junctions dramatically changed in the MDCK cells expressing Rac1 mutants (Takaishi et al., 1997) . We checked the changes of SAP97/hDLG and MAGI-1/ BAP1 at cell ± cell junctions in the MDCK cells expressing Rac1 mutants. The amount of E-cadherin localized at cell ± cell junctions increased in the MDCK cells expressing a dominant active Rac1 mutant compared with that in the wild type of MDCK cells (Figure 3Ab , Bb, Cb, Db), and markedly decreased in the MDCK cells expressing a dominant negative Rac1 mutant as described (Takaishi et al., 1997) (Figure  3Eb , Fb). The amount of SAP97/hDLG at cell ± cell junctions also increased and decreased in MDCK cells expressing dominant active and negative Rac1 mutants, respectively, compared with that in the wild type of MDCK cells (Figure 3Aa , Ca, and Ea). In contrast, the amount of MAGI-1/BAP1 at cell ± cell junctions in MDCK cells expressing a dominant active or negative mutant of Rac1 was the same as that in the wild type of MDCK cells (Figure 3Ba , Da, Fa).
Colocalization of MAGI-1/BAP1 with ZO-1 at tight junction-like structure in MDCK cells
The colocalization of MAGI-1/BAP1 with ZO-1 (Figure 2A ) suggests that MAGI-1/BAP1 may be a component of tight junctions in MDCK cells. When MDCK cells were switched to a low Ca 2+ medium, Ecadherin rapidly disappeared from the plasma membrane and MDCK cells were dissociated (Figure 4Aa ), whereas ZO-1 remained on the plasma membrane as described (Kartenbeck et al., 1991) (Figure 4Ab ). MAGI-1/BAP1 also remained on the plasma membrane (Figure 4Ac ). When MDCK cells were exposed to a low Ca 2+ medium and then treated with phorbol 12-myristate 13-acetate (PMA), cells became adhered to each other, and ZO-1 was accumulated at the cell ± cell contacts (Figure 4Ba, Ca) . MAGI-1/BAP1 was also accumulated at the same sites as ZO-1 (Figure 4Bb) , but E-cadherin was not detected (data not shown). SAP97/hDLG remained on the plasma membrane when MDCK cells were exposed to a low Ca 2+ medium (Figure 4Ad ), but was not accumulated at the cell ± cell contacts in MDCK cells treated with PMA unlike ZO-1 and MAGI-1/BAP1 (Figure 4Cb ).
Localization of MAGI-1/BAP1 at tight junctions in the intestinal epithelial cells
Because tight and adherens junctions are not completely separated in MDCK cells, we next examined the precise localization of MAGI-1/BAP1 in intestinal epithelial cells. MAGI-1/BAP1 was colocalized with ZO-1 at the apical portion ( Figure  5Aa,b) . E-Cadherin and SAP97/hDLG were localized portion than E-cadherin (Figure 5Cb) . We further performed the immunoelectron microscopical study using rat intestinal epithelial cells. The gold particles were present at tight junctions and absent at adherens junctions ( Figure 6 ).
Discussion
Epithelial junctions are symmetrical junctions including tight, adherens, and gap junctions, and desmosomes. Synapses are asymmetrical interneuronal junctions with a machinery of neurotransmission. Recent studies have revealed that scaolding proteins play central roles in the architectures of synapses (reviewed in Craven and Bredt, 1998; Hata et al., 1998) . PSD-95/SAP90 and S-SCAM are both neuronal membrane-associated guanylate kinases with multiple PDZ domains (Cho et al., 1992; Kistner et al., 1993; Hirao et al., 1998) . Both of them interact with NMDA receptors, neuroligin, and MA-GUIN-1 via the PDZ domains, and function as scaolding proteins (Kornau et al., 1995; Irie et al., 1997; Hirao et al., 1998; Yao et al., 1999) . In this paper, we have shown that both of the ubiquitous isoforms of S-SCAM and PSD-95/SAP90 are localized at epithelial junctions. The presence of MAGI-1/BAP1 and SAP97/ hDLG at epithelial junctions, and S-SCAM and PSD-95/ SAP90 at synapses suggests that both junctions have common basal architectures in spite of dierent appearances, and that MAGI-1/BAP1 and SAP97/ hDLG may work as scaolding proteins in epithelial junctions.
We have also reported the dierence between MAGI-1/BAP1 and SAP97/hDLG in epithelial cells. First, their localizations are dierent. MAGI-1/BAP1 is localized at tight junctions, whereas SAP97/hDLG is absent from tight junctions and more widely distributed on the lateral membranes of epithelial cells. MAGI-1/BAP1 is also colocalized with ZO-1 in a tight junction-like structure of PMA-treated MDCK cells, but SAP97/hDLG is not. Second, the amount of MAGI-1/BAP1 at cell ± cell junctions does not change in MDCK cells expressing a dominant active or negative Rac1 mutant, whereas that of SAP97/hDLG changes in a parallel manner to that of E-cadherin. This observation is compatible with the previous report describing the E-cadherin-dependent recruitment of SAP97/hDLG into the Triton X-100-insoluble structures of CACO-2 cells (Reuver and Garner, 1998) . The interaction of SAP97/hDLG with APC, which regulates the turnover of b catenin, also supports that SAP97/hDLG works in the cadherin/ catenin pathway (Su et al., 1993; Rubinfeld et al., 1993; Matsumine et al., 1996) . Our data suggest that once recruited to cell ± cell junctions, SAP97/hDLG remains on the plasma membrane, even when MDCK cells are switched to a low Ca 2+ medium and E-cadherin disappears from the plasma membrane. Although the molecular mechanism for this phenomenon is currently unknown, SAP97/hDLG may be ®xed by some membrane anchoring molecule after the recruitment to cell ± cell contacts. The present ®ndings suggest that MAGI-1/BAP1 functions at tight junctions rather than at adherens junctions and plays a role dierent from that of SAP97/hDLG in epithelial cells. To clarify the function of MAGI-1/BAP1, it is essential to identify the ligands of MAGI-1/BAP1 in epithelial cells.
Materials and methods

Cell cultures
Madine Darby canine kidney (MDCK) cells were cultured in Dulbecco's modi®ed Eagle medium (DMEM) containing 10% fetal bovine serum (GIBCO-BRL), 100 units/ml penicillin, and 100 units/ml streptomycin under 10% CO 2 at 378C. MDCK cells stably expressing a dominant active (V12Rac1) or negative (N17Rac1) Rac1 small G protein mutants were described previously (Takaishi et al., 1997) . Ca 2+ switch and PMA treatment experiments using MDCK cells were performed as described (Kartenbeck et al., 1991) . Takeuchi et al., 1997) . A mouse monoclonal PSD-95 family (#05 ± 427) antibody, and a rat monoclonal E-cadherin (ECCD-2) and ZO-1 (MAB1520) antibodies were purchased from Upstate Biotechnology, TAKARA, and Chemicon, respectively. The anti-WW, anti-PSD-95 family, anti-Ecadherin, and anti-ZO-1 antibodies were used at the dilution of 1:200, 1:50, 1:100 and 1:100 for immunocytochemistry, respectively.
Antibodies
Immunocytochemistry
Immuno¯uorescence microscopy of MDCK cells was performed as described (Irie et al., 1999) . Brie¯y, cells were cultured on a coverglass and ®xed with 1% (v/v) Figure 6 Ultrastructural localization of MAGI-1/BAP1 in intestinal epithelial cells. Intestinal epithelial cells were labeled with the anti-S-SCAM antibody. TJ, tight junction; and AJ, adherens junction. Scale bar, 100 nm formaldehyde in phosphate buered saline (PBS). The ®xed samples were treated with 0.2% (w/v) Triton X-100 in PBS and washed three times with PBS. The samples were soaked with PBS containing 10 mg/l bovine serum albumin (BSA), incubated with various ®rst antibodies, washed again with PBS containing 10 mg/1 BSA, and incubated with the rhodamine-or¯uorescent isothiocyanate (FITC)-conjugated second antibodies. Finally, the samples were washed with PBS and embedded in PBS containing 95% (v/v) glycerol. The images were obtained with the confocal imaging system MRC-1024 (BIO-Rad Laboratories).
Immunohistochemistry
Immuno¯uorescence microscopy of frozen sections of adult rat small intestine, mouse brain, and retina was done as described (Mandai et al., 1997) . Brie¯y, samples were frozen using liquid nitrogen, and the frozen sections were cut in a cryostat. The samples were mounted on glass slides, air dried, and ®xed with 95% (v/v) ethanol at 48C for 30 min and with acetone at room temperature for 1 min. The samples were washed with PBS containing 10 mg/l BSA, incubated with various ®rst antibodies, washed again with PBS containing 10 mg/l BSA and 0.1% (w/v) Triton X-100, and incubated with rhodamine-and FITCconjugated second antibodies. The samples were washed with PBS, embedded, and viewed with a confocal imaging system MRC-1024 (BIO-Rad Laboratories).
Electron microscopy
Immunoelectron microscopy using the silver enhancement technique was done as described (Mandai et al., 1997) .
Brie¯y, adult rat small intestine was perfused with 4% (w/v) paraformaldehyde in PBS. The samples were incubated with the anti-S-SCAM antibody followed by incubation with the anti-rabbit IgG antibody coupled with 1.4 nm gold particles (Nanoprobes Inc.). After the samples were washed, they were ®xed with 2% (v/v) glutaraldehyde in PBS for 15 min, and the sample-bound gold particles were silver enhanced by the HQ-silverkit (Nanoprobes Inc.) at 188C for 8 min. The samples were washed again and post®xed with 0.5% (v/v) osmium oxide in a buer containing 100 mM cacodylate buer, pH 7.3. They were dehydrated by passage through a graded series of ethanol (50, 70, 90 and 100% (v/v) ) and propylene oxide, and were embedded in epoxyresin. From these samples, ultrathin sections were cut, stained with uranylacetate and lead citrate, and then observed with an electron microscope JEM-1200EX (JEOL Ltd).
Constructions and miscellaneous procedures
pClneo Myc S-SCAM-1, pGex S-SCAM-2, -12, -14, and -15 were described previously (Hirao et al., 1998; Ide et al., 1999) . pcDNA Myc BAP1 was described (Shiratsuchi et al., 1998) . The subcellular fractionation of rat brain, Western blotting, SDS ± PAGE, and protein determination were performed as described (Brose et al., 1995; Hata et al., 1996) .
